We study the dynamical behaviors of two types of spiral-and scroll-wave turbulence states, respectively, in two-dimensional (2D) and three-dimensional (3D) mathematical models, of human, ventricular, myocyte cells that are attached to randomly distributed interstitial fibroblasts; these turbulence states are promoted by (a) the steep slope of the action-potential-duration-restitution (APDR) plot or (b) early afterdepolarizations (EADs). Our single-cell study shows that (1) the myocyte-fibroblast (MF) coupling G j and (2) the number N f of fibroblasts in an MF unit lower the steepness of the APDR slope and eliminate the EAD behaviors of myocytes; we explore the pacing dependence of such EAD suppression. In our 2D simulations, we observe that a spiral-turbulence (ST) state evolves into a state with a single, rotating spiral (RS) if either (a) G j is large or (b) the maximum possible number of fibroblasts per myocyte N max f is large. We also observe that the minimum value of G j , for the transition from the ST to the RS state, decreases as N max f increases. We find that, for the steep-APDR-induced ST state, once the MF coupling suppresses ST, the rotation period of a spiral in the RS state increases as (1) G j increases, with fixed N increases. Our 3D studies show a similar transition from scroll-wave turbulence to a single, rotating, scroll-wave state because of the MF coupling. We examine the experimental implications of our study and propose that the suppression (a) of the steep slope of the APDR or (b) EADs can eliminate spiral-and scroll-wave turbulence in heterogeneous cardiac tissue, which has randomly distributed fibroblasts.
I. INTRODUCTION
Ventricular arrhythmias, such as ventricular tachyacardia (VT) and ventricular fibrillation (VF), are responsible for approximately 17% of all deaths in the industrialized world. Therefore, VT and VF have been studied extensively, in vivo and ex vivo, in a variety of mammalian ventricular tissues [1] [2] [3] . These experiments have shown that such arrhythmias are associated with the abnormal propagation of electrical waves of activation through ventricular tissue: VT arises from a single, rotating scroll wave, whereas VF is maintained by broken, scroll-wave fragments that lead to scroll-wave turbulence. In vitro studies, with two-dimensional cultures of cardiac myocytes on Petri dishes [4, 5] , examine similar waves of excitation; here single rotating spiral waves and spiral-wave turbulence (ST) are, respectively, the analogs of VT and VF. In addition to experiments, in silico numerical studies of mathematical models for cardiac tissue have enriched our understanding of such scroll or spiral waves, their dynamics, and their turbulent states [6, 7] .
Several experiments and numerical studies [8] [9] [10] have shown that ST occurs if there is a steep slope in the actionpotential-duration-restitution (APDR), a plot of the cardiac myocyte action-potential duration (APD) versus the diastolic interval (DI) [8, 10] , with DI = PCL-APD and PCL the pacing cycle length (PCL), i.e., the rate at which the cardiac cell is stimulated. Furthermore, recent experiments on cardiac * alok@physics.iisc,ernet.in † rahul@physics.iisc,ernet.in tissue [11, 12] and computational studies of mathematical models for cardiac tissue [13] [14] [15] have shown that early afterdepolarization (EAD), which occurs at the cellular level, because of a single stimulus or multiple stimuli, can also maintain the ST state. In addition to myocytes, both normal and those that show EADs, cardiac tissue also contains nonexcitable cells called fibroblasts. The effects of fibroblasts on spiral-and scroll-wave dynamics have been studied in mathematical models for cardiac tissue [16] [17] [18] [19] [20] . We go beyond such studies by investigating the effects of fibroblasts on the two types of ST described above: ST arising from a steep slope of the APDR and ST generated by EADs.
In our studies we use the mathematical model of human ventricular myocyte tissue developed by ten Tusscher et al. (the TP06 model) [21] . In this model we can change the slope of the APDR or introduce EADs by modifying the conductances of certain ionic currents in the TP06 model for myocytes [14, 15] . We can also introduce randomly distributed interstitial fibroblasts, which we model by passive electrical elements as in Refs. [18, 19] . Several experimental and computational studies [16] [17] [18] [19] 22] have investigated the effects of such passive fibroblasts on electrical-wave propagation in cardiac tissue. Fibroblasts, which often multiply after certain cardiac diseases like myocardial infarctions, are distributed randomly in the interstitial space between myocytes in cardiac tissue [23] [24] [25] . Therefore, it is important to investigate how the concentration of fibroblasts, distributed in an underlying matrix of myocytes, affects the propagation of electrical waves of activation. To carry out such an investigation, we develop a mathematical model for randomly distributed interstitial fibroblasts in a regular matrix of myocytes. Our model differs significantly from earlier models for fibroblasts in a myocyte matrix [16] [17] [18] [19] . In particular, in our model we attach N f,i fibroblasts to a myocyte at site i in our simulation domain; and we allow N f,i to change randomly from site to site between 0 and a maximal value N max f with equal probability. This enables us to study the effect of fibroblasts on electrical wave propagation at different levels of fibrosis; this is biophysically important.
We explain in detail below that we use the two parameter sets, P1 and P2, for the myocytes in our studies in twoand three-dimensional (2D and 3D, respectively) square and rectangular-parallelepiped simulation domains. These parameter sets lead, respectively, to a steep APDR slope [21] and EAD behavior [14] , for an isolated myocyte. Our single-cell study shows that the myocyte-fibroblast (MF) coupling G j and the number N f of fibroblasts in an MF unit lower the steepness of the APDR slope and eliminate the EAD behaviors of myocytes, for P1 and P2 parameter sets, respectively, because of the electrical load of fibroblasts, which act as current sinks on a myocyte; we also observe that such EAD suppression is pacing-rate dependent and prominent at intermediate values of N f and G j . These changes, at the single-cell level, have dramatic effects on spiral-and scroll-wave dynamics: In our 2D simulation, we observe that, for both parameter sets, an ST state evolves into a state with a single, rotating spiral (RS) if either (a) the junctional coupling G j , between a myocyte and fibroblasts, is large or (b) the maximum possible number of fibroblasts per myocyte N max f is large. We find that, for the parameter set P1, once the myocyte-fibroblast coupling suppresses ST, the rotation period of an RS increases (1) as G j increases, with fixed N max f and (2) as N max f increases, with fixed G j ; however, this trend is not as clear for the parameter set P2. We also observe that the minimum value of G j , for the transition from ST to RS, decreases as N max f increases, for both parameter sets. We find well-defined boundaries between the ST and RS stability regions in the N max f -G j plane, for both parameter sets. In particular, for low values of N max f , the value of G j , at the ST-RS boundary, depends on the realization of the randomly distributed fibroblasts; this dependence decreases as N max f increases. In three dimensions, we find a similar suppression of scroll-wave turbulence because of the coupling between fibroblasts and myocytes.
The remainder of this paper is organized as follows. In Sec. II, we present the models and numerical methods that we use in our study. Section III is devoted to a description of our results. Section IV contains a discussion of the significance of our results.
II. MODEL AND METHODS

A. Model
A cardiac myocyte cell is modeled by the following ordinary differential equation (ODE) [18, 21] :
here C m is the total cellular capacitance,V m is the time derivative of the transmembrane potential V m , I ion is the sum of all the ionic currents that cross the cell membrane, and I ext is the externally applied current. We use a biophysically realistic ionic model for human cardiac myocytes developed by ten [18, 27] 
where V f is the fibroblast membrane potential, which satisfies
where C f , G f , and E f are, respectively, the total cellular capacitance, membrane conductance, and resting membrane potential of the fibroblast; C f is in pF, V f in mV, G f in nS, E f in mV, and G j in nS. The myocyte transmembrane potential V m of 2D or 3D of cardiac myocyte tissue, with randomly attached interstitial fibroblasts, can be modeled by using the the following discrete equations [18, 28] :
In two and three dimensions x is labeled, respectively, by two and three Cartesian indices because we arrange the cardiac myocytes on square (2D) and simple-cubic (3D) lattices, and a denotes nearest neighbors of the site x. G mm represents the intercellular coupling between cardiac myocyte cells. In Fig. 1 we show schematic diagrams of the random distribution of fibroblasts in the 2D and 3D myocyte domains in our model; the colors of circles and spheres here specify the numbers of fibroblasts that are attached to a myocyte at a given site.
B. Methods
We use a forward-Euler method for time marching, with a time step δt = 0.02 ms, to solve the ODEs [Eqs. (1)- (3), (5)]. To integrate Eq. (4), we use the forward-Euler method in time t, with a time step δt = 0.02 ms, and a finite-difference method in space, with step sizes δx = δy = δz = 0.25 mm, and five-point and seven-point stencils, respectively, for the Laplacian in two and three dimensions. We use a square simulation domain, with 1024 × 1024 grid points (gpts), i.e., a tissue dimension of 256 mm × 256 mm, in our 2D numerical studies; for our 3D studies, we use a slab simulation domain with 1024 × 1024 × 16 grid points (gpts), i.e., a tissue dimension of 256 mm × 256 mm × 4 mm. In our model we connect the myocyte at site i to N f,i fibroblasts. distributed fibroblasts in our simulations in two and three dimensions. We use Neumann (no-flux) boundary conditions at the edges (2D) and faces (3D) of our simulation domain. For numerical efficiency, we have carried out these simulations on a high-performance computer cluster by developing an MPI code that is based on a one-dimensional, pipeline, domain-decomposition technique.
We give the two parameter sets P1 and P2 for myocytes in Table I . Our fibroblasts parameters are as follows: C f = 6.3 pF, G f = 4 nS, E f = −49.0 mV, and G j in the range 0 G j 8 nS [18, 27] .
We initiate spiral and scroll waves in our simulation domain by using the S1-S2 cross-field protocol [26, 29] . For this we apply a stimulus (S1) of strength 150 pA for 3 ms to the left edge, of our 2D domain, or the left face, for our three dimensions of simulation domain. This injects a plane wave into the domain. We then apply the second (S2) stimulus, of the same strength and duration as S1, from the bottom boundary to almost half of the domain, i.e., 0 mm y 125 mm for two dimensions, and 0 mm y 125 mm and 0 mm z 4 mm for three dimensions. This S1-S2 procedure generates spiral and scroll waves in our 2D and 3D domains.
We record the local time series of the transmembrane potential V m (x,t) from 25 and 50 representative sites, respectively, in our 2D and 3D simulation domains (see the Appendix for a list of these points). For the power spectra E(ω), of the local time series of V m , we use 2 × 10 5 data points, after the removal of the initial 2.4 × 10 5 data points to eliminate transients. The final state of the 2D and 3D systems is decided by analyzing the power spectra of the time series of V m and the spatiotemporal evolution of V m .
III. RESULTS
We use the two parameter sets P1 and P2 to study the dynamics of myocytes coupled to fibroblasts. These parameter sets lead, respectively, to a steep APDR slope [21] and EADs [14] for an isolated myocyte cell. We begin with our results for isolated, myocyte-fibroblast (MF) composites. We then investigate the propagation of spiral and scroll waves of electrical activations in 2D and 3D simulation domains, with MF composites, in which the number of fibroblasts per myocyte changes randomly from site to site.
A cardiac cell is excitable in the sense that a subthreshold perturbation simply decays and a perturbation above this threshold leads to an action potential (AP), which shows the following five phases [21, 26] : (1) the upstroke or depolarization phase; (2) the rapid-repolarization phase, which yields the notch in the AP; (3) the plateau phase; (4) the repolarization phase; and (5) the resting phase. To achieve such APs, for the parameter sets P1 and P2, we apply an electrical stimulus of amplitude 52 pA for 3 ms. In Fig. 2 we plot V m versus t to illustrate how the AP changes for a single MF composite as we increase the number N f of fibroblasts from 0 to 8. In an MF composite, the morphology of the AP depends on N f because the fibroblasts act as an electrical load on the myocyte [18, 27] . In particular, we see from maximum value of V m in the plateau region, and (4) the APD all decrease slowly as N f increases, whereas the final resting membrane potential increases. From the inset of Fig. 2 we see that the maximum upstroke velocity, dV m /dt max , during the depolarization phase of the AP, decreases both as a function of N f , for a fixed value of G j , and as a function of G j , for a fixed value of N f ; such a decrease of dV m /dt max leads to a decrease of the wave-conduction velocity (CV) in cardiac tissue [18] .
The APDR, an important property of a cardiac cell, decides the stability of spiral and scroll waves, respectively, in 2D and 3D domains. In particular, if the slope of the initial segment of the APDR curve is greater than 1, then single spiral and scroll waves are not stable and they evolve eventually into multiple spiral and scroll waves, respectively; these broken waves lead to spiral-and scroll-wave turbulence and spatiotemporal chaos. Reference [21] shows that the slope of the APDR curve is 1.8 (see, e.g., Table 2 in Ref. [21] ) for the parameter set P1. Therefore, we expect spiral-and scroll-wave turbulence to occur for the P1 parameter set for 2D and 3D simulation domains. In Fig. 3 we show plots of the APDR of a myocyte coupled to (1) N f = 4 fibroblasts with different values of G j and (2) N f fibroblasts with G j = 2 nS. To obtain the APD for a myocyte or an MF composite, we apply a series of 50 pulses with PCL = 600 ms; we then apply a final pulse for which we vary the DI and measure the APD to obtain plots of the APDR such as those shown in Fig. 3 . These plots illustrate that, as G j increases for a fixed value of N f [ Fig. 3(a) ], or as N f increases for a fixed value of G j [ Fig. 3(b) ], the APDR curve shifts downwards and its slope, at small values of DI, decreases. Such a lowering of the APDR and a decrease of its slope, as a function of G j or N f , occurs because the fibroblasts act as a current sink for a myocyte [20, 27] . This suggests that, at the level of tissue, we might expect that, as N max f or G j increase, spiral-and scroll-wave turbulence might be suppressed.
It has been shown in Ref. [14] that the parameter set P2 yields early afterdepolarizations (EADs) at the single-cell level; this leads to spiral-wave turbulence at the tissue level. We now show that the myocyte-fibroblast (MF) coupling suppresses EADs in this model. In particular, we apply a series of current pulses of amplitude 52 pA, of duration 3 ms, and with 300 ms PCL 700 ms to an MF composite. In Fig. 4(a) we plot representative trains of APs for such MF composites with N f = 0, i.e., an isolated myocyte ( ), and N f = 4 with G j = 4 nS ( ). We see clearly that, when N f = 0, EADs occur, i.e., some of the APs in the trains of APs show additional APs, marked by arrows, in the absence of pacing pulses; however, as PCL increases, EADs do not occur in an isolated myocyte cell in this model (see Refs. [14, 15] ). By contrast, when N f = 4, EADs are suppressed for all values of PCL, as we show in the plots in Fig. 4(a) . In Fig. 4(b) , we show zoomed plots of APs on an expanded time scale for the rectangular box marked in Fig. 4(a) . The inward current, I CaL (the L-type, slow, Ca 2+ current), the outward current, I Kr (the rapid, delayed, rectifier K + current), and the myocyte-fibroblasts coupling current, N f G j (V f − V m ), associated with the myocyte APs, are shown, respectively, in Figs. 4(c), 4(d), and 4(e). Early afterdepolarizations occur when (1) the inward I CaL current increases [30] , (2) the outward I Kr current decreases [31] , or (3) both change [14, 15] , in such a way that the net amount of inward current exceeds the outward current during the repolarization phase of the AP. The filled circles ( ) in Fig. 4(b) indicate the existence of an EAD for an isolated myocyte cell. Such an EAD occurs because of the reversal of the I CaL current [filled circles ( ) in Fig. 4 However, the reversal of the I CaL current is suppressed [filled squares ( ) in Fig. 4(c)] , because of the myocyte-fibroblasts coupling current as shown in Fig. 4(e) ( ) . Furthermore, the amplitude of the I Kr current is enhanced [filled squares ( ) in Fig. 4(d) ] because of the myocyte-fibroblasts coupling. Such a suppression of I CaL , in the reverse direction, and an increase of I Kr eliminate EADs in the myocytes that are coupled with fibroblasts as shown by filled squares ( ) in Fig. 4(b) .
In Fig. 5 we show the EADs and non-EADs (i.e., normal APs) regimes in the N f and G j parameter space for PCL = 400 ms ( ) and PCL = 600 ms ( ). To decide whether we have EADs or non-EADs states, we look at a train of APs, because of pacing, during 10 s (see Fig. 4 ). If any single AP in such train of APs has an EAD, we then declare the state as an EADs state. We find that an EADs state remains unchanged for either (1) low values of N f or (2) low values of G j , depending on PCL. We find that the transition boundaries shift toward the non-EADs regime as the PCL increases; such a shifting of boundaries is associated with the pacing-rate dependence of EADs in an isolated myocyte as in Refs. [14, 15] . We also find that this shift in the boundary is prominent at intermediate values of N f and G j . Therefore, we hypothesize that EADinduced spiral-and scroll-wave turbulence is suppressed at the tissue level as (1) N max f increases for a fixed value of G j , (2) G j increases for a fixed value of N max f , or (3) both N max f and G j increase. We now check this hypothesis by carrying out extensive numerical simulations on the types of 2D and 3D models that we have described in Fig. 1 .
In the absence of fibroblasts, the spiral and scroll waves, which we obtain by using the S1-S2 protocol, evolve to states that display spiral-and scroll-wave turbulence in our 2D and 3D simulation domains, respectively, for both parameter sets P1 and P2. We show this below. Fig. 6(c) ; here the filled circle ( ) and filled square ( ) represent, respectively, the parameter sets P1 and P2. The power spectra obtained from these time series are shown in Fig. 6(d) . These disordered pseudocolor plots of V m , the irregular time series, and the broadband power spectra provide evidence for spiral-turbulence (ST) states. For the P2 parameter set, the time series of V m in Fig. 6 (c) ( ) shows the existence of additional APs, before the conventional repolarization phase, because of EADs. Such APs, with EADS, drive spiral-wave turbulence at the tissue level [14, 15] in the absence of fibroblasts.
We now explore how spiral-wave dynamics, in our 2D simulation domain, is modified by the addition of fibroblasts to our layer of myocytes; we use the myocyte parameter set P1 and vary the strength of the MF junctional coupling G j Note that the frequency of spiral rotation in the RS state decreases as G j increases; such a decrease of this rotation frequency is associated with the strong electronic load of the fibroblasts on the myocytes; this slows the speed of spiral-wave rotation [16, 18] . Fig. 7(e) we plot the time series of V m , from the point indicated by an asterisk in Figs. 7(a)-7(d) ; the filled circles ( ), filled squares ( ), filled triangles ( ), and filled diamonds ( ) denote, respectively, plots for G j = 0.3, 1.0, 4.0 and 8.0 nS. We portray the associated power spectra E(ω) in Fig. 7(f) . From these power spectra we obtain the fundamental frequencies ω f 5.5, 4.75, and 4.0 Hz, respectively, for G j = 1.0, 4.0, and 8.0 nS. These time series and power spectra confirm what we find in the pseudocolor plots of Figs. 7(a)-7(d), namely , that, as G j increases, spiral-wave turbulence is suppressed because of the myocyte-fibroblast (MF) coupling. In Fig. 7(g) we show (after the MF coupling suppresses ST) the spiral-tip trajectories of a rotating spiral in the RS state, for 7.2 s t 8.8 s, with G j = 1.0 ns ( ), G j = 4.0 nS ( ), and G j = 8.0 nS ( ); these trajectories show the spiral cores are nearly stationary for such rotating spirals. We also observe that the width of the spiral arm and its rotation frequency decrease as G j increases. This is consistent with our results for a single MF composite, for which we have shown that both the APD and the maximum upstroke velocity of the AP decrease as G j increases; these two properties of the AP are related to the spiral-arm width and the rotation frequency of the spiral in our 2D simulation [18, 32] .
In Fig. 8 we show the exact analog of Fig. 7 , for the P2 parameter set for myocytes, and with N max f = 8. Here, too, we find that, as G j increases, fibroblasts suppress ST. For ST states are maintained by EADs, as we confirm from the time series of V m in Fig. 8(d) , for G j = 0.3 ( ) and G j = 1.0 nS ( ), which show EADs in APs. However, for G j = 4.0 ( ) and 8.0 nS ( ), we find that EADs are suppressed by fibroblasts [see Fig. 8(e) ]; this is consistent with the pseudocolor plots of V m in Figs. 8(c) and 8(d) , which show an RS state. The power spectra E(ω) in Fig. 8(f) , which we obtain from these time series of V m , show peaks at the fundamental frequencies ω f 3.0 Hz and 3.5 Hz, respectively, for G j = 4 nS ( ) and 8.0 nS ( ). We observe that the spiral-rotation frequency increases with G j . We also find that the spiral core is not stationary [see Fig. 8(g)]; therefore, subsidiary peaks appear in E(ω).
Once the MF coupling suppresses ST, a single spiral rotates with a period τ rot . To obtain τ rot for an RS, we average over the last five rotations of that RS. In Figs. 9(a) and 9(b) we show plots of τ rot vesus G j , for different values of N max f and the parameter sets P1 and P2, respectively. We find that, for the parameter set P1, τ rot increases as (1) G j increase, with fixed N max f and (2) N max f increases, with fixed G j . However, this trend is not as clear for the parameter set P2 [ Fig. 9(b) ] because of the nonstationary core of the RS. We also observe that the minimum value of G j , for the transition from ST to RS, decreases as N max f increases, for both parameter sets. In Fig. 10 we show stability diagrams for the ST and RS states in the N max f -G j plane for both parameter sets; here filled circles ( ) and filled squares ( ) represent the parameter sets P1 and P2, respectively. To decide whether we have an ST or RS state, we run our simulations for 8. increases. In the stability diagram, we plot the mean position of this boundary; and we obtain the error bars on this boundary from the standard deviation of G j .
We now investigate scroll-wave dynamics in our mathematical models for cardiac tissue with and without random fibroblasts. We present here a few representative results from our 3D simulations. . These stability-diagram boundaries are constructed by using five different realizations of randomly distributed interstitial fibroblasts in our 2D myocyte domain. In the stability diagram, we plot the mean position of this boundary; and we obtain the error bars on this boundary from the standard deviation of the transition value of G j . ; this is consistent with the power spectra shown in Fig. 11(d) . We find that, for a fixed value of N max f , the rotation frequency decreases as we increase G j ; and the single-scroll frequency decreases as we increase N max f , for a fixed value of G j .
In Fig. 12 we show the exact analog of Fig. 11 for the P2 parameter set. These pseudocolor plots with isosurfaces of V m , at t = 8.8 ms, show that scroll-wave turbulence [ Fig. 12 power spectra E(ω) show that, for a fixed value of N max f , the value of ω f increases with G j ; and, for a fixed value of G j , the value of ω f increases with N max f .
IV. DISCUSSION AND CONCLUSION
We have generalized the TP06 mathematical model, due to ten Tusscher and Panfilov [21] , for human ventricular myocytes by allowing for a myocyte-fibroblast (MF) coupling, at the level of a single myocyte, and a random distribution of fibroblasts in a myocyte matrix, at the level of tissue. In the absence of fibroblasts, the parameter set P1 leads to spiral-and scroll-wave turbulence because of a steep slope of the APDR plot, whereas the parameter set P2 leads to such turbulence because of EADs. To the best of our knowledge, our study is the first to examine, in a mathematical model, the combined effects of EADs and fibroblasts on the propagation of electrical waves of activation in ventricular tissue.
We have studied the dynamics of (a) an MF unit with a myocyte coupled to N f fibroblasts, (b) spiral waves in a 2D domain of myocytes attached to random interstitial fibroblasts, and (c) scroll waves in a 3D domain of myocytes attached to random interstitial fibroblasts. Our studies on an MF composite have shown that the morphology of the AP depends on N f . In particular, we have seen that (a) the amplitude of the initial upstroke in the AP, (b) the notch of the AP, (c) the maximum value of V m in the plateau region, and (d) the APD all decrease slowly as N f increases, because fibroblasts act as current sinks on a myocyte [18, 27] . However, we have observed that the final resting membrane potential of the myocyte increases as N f increases. Note that the initial resting membrane potential of the myocyte is low compared to the fibroblast resting membrane potential. Therefore, a fibroblast coupled with a myocyte behaves as a current source for a myocyte during the resting phase of the AP. The source strength increases as N f increases; therefore, the resting membrane potential of the myocyte increases as N f increases. We have also found that dV m /dt max decreases both as a function of N f , for a fixed value of G j , and as a function of G j , for a fixed value of N f , because of the current-sink nature of fibroblasts during the depolarization phase of the myocyte AP.
We have found that, with the P1 parameter set for myocytes, the steep slope of the APDR decreases as we increase N f for a fixed value of G j , or vice versa, in our MF composite; this decrease is very important because the slope of the APDR decides the stability of spiral and scroll waves, respectively, in 2D and 3D domains [8] [9] [10] . Such a decrease of the steep slope of the APDR plot occurs because of the sink behavior of the fibroblasts in our MF composite [20, 27] . With the P2 myocyte parameter set, we have shown that the EAD behavior of a myocyte, in our MF composite, is suppressed as (1) N f increases, for a fixed value of G j , or (2) G j increases, for a fixed value of N f . Early afterdepolarizations occur because the inward current dominates over the outward current during the early stage of the repolarization phase [14, 15] . In an MF composite, fibroblasts act as current sinks during this repolarization phase; therefore, the net amount of outward current exceeds the inward current in the repolarization phase. Thus, the EADs behavior of a myocyte cell in an MF composite is suppressed as N f increases or G j increases; this has not been noted hitherto.
We have studied spiral-and scroll-waves turbulence in a mathematical model for human cardiac tissue with myocyte and random interstitial fibroblasts. Such random interstitial fibroblasts normally appear in cardiac tissue during fibrosis, a process of cardiac tissue healing after a myocardial infarction. Our studies with both parameter sets, P1 and P2, have shown that, by introducing fibroblasts in 2D and 3D domains, spiraland scroll-wave turbulence of electrical waves is converted into single spiral waves and scroll waves of electrical activation. Such transitions from an ST to an RS state have been observed in domains with only myocytes, where these transitions have been induced by the suppression of the steep APDR slope by altering ionic conductances [8, 10] . We show that the ST-RS transition occurs because of the suppression of (a) the steep slope of the APDR or (b) EADs, at the cellular level, for an MF composite; the first type of ST-RS transition has been observed in the 2D LRI mathematical model [20] ; the second type of ST-RS transition, in which EADs are suppressed by fibroblasts, is our contribution to this field.
Our investigations with the myocyte parameter set P1 have shown that, in an RS state, the spiral rotates slowly as we increase G j , for a fixed value of N max f , or vice versa. These results are consistent with our single-MF-composite studies in the following sense: The upstroke velocity of the AP decreases as (1) G j increases, for a fixed value of N max f , or (2) N max f increases, for a fixed value of G j . The wave conduction velocity (CV) decreases as the AP upstroke velocity decrease; and this decrease of CV results in the slowing of the rotation rate of a spiral in the RS state [18] . If we use the parameter set P2, the dependence of the spiral rotation rate is not as simple (as it is for the P1 parameter set) because the core of the spiral is not stationary.
Our mathematical model differs significantly from those that we have used in our earlier studies with fibroblasts [18, 19] . These studies have examined the effects of either patchy [18] or diffuse [19] fibroblasts on a single-rotating spiral or scroll wave in 2D or 3D domains. Here we present the effects of randomly distributed interstitial fibroblasts on two types of spiral-and scroll-wave turbulence states. Our study here also differs from studies by other groups [16, 17, 20] . For example, the studies in Ref. [16] have investigated the initiation of spiral-wave turbulence by using localized, randomly attached, and diffuse fibroblasts in the LRI mathematical model; Ref. [17] has studied the effects of diffuse fibroblasts on wave dynamics in the LRd mathematical model; and Ref. [20] has studied spiralwave dynamics in a 3D model consisting of myocytes, fibroblasts, and extracellular space by using LRI ion dynamics [6] .
Our in silico study of a mathematical model with myocytes and randomly distributed interstitial fibroblasts is based on experimental evidence which suggests that fibroblasts can appear randomly in the interstitial spaces in the myocyte domain, during the fibrosis process [23] [24] [25] . However, the existence of a myocyte-fibroblast coupling, during fibrosis, in vivo is still a subject of debate, although such a coupling occurs in vitro and in cell culture [33] . Therefore, we suggest that our findings can be verified in vitro experiments. Furthermore, by using advanced cell-culture techniques [33] [34] [35] , our 2D and 3D numerical results can be tested easily in cell-culture experiments.
In our studies, we have changed myocyte conductances of certain ion currents and a time constant (see Table I ) to obtain steep APDR-and EADs-induced turbulence state in our simulation domain without fibroblasts. We have not investigated the effect of fibroblasts on wave dynamics in the myocyte parameters space, i.e., conductances and time constants. However, our qualitative results remain unchanged in other regions of the myocyte parameters space as long as they evoke steep APDR or EADs in an isolated myocyte.
